The effects of positively charged nylon and depth (cellulose-diatomaceous earth) filters on endotoxin removal from various solutions were evaluated. The charged filter media removed significant amounts of Escherichia coli and natural endotoxin from tap water, distilled water, sugars, and NaCI solutions; no significant removal of endotoxin was observed with negatively charged filter media. The extent of removal was influenced by pH, the presence of salts, and organic matter. Such media may be useful for the control of endotoxins in raw-product water-or solutions used to prepare parenteral drug products or in other fluids where endotoxin control is desired.
Bacterial endotoxins are the lipopolysaccharide components derived from the outer cell membranes of gramnegative bacteria and blue-green algae (cyanobacteria) (5, 9) . Gram-negative bacteria are ubiquitous in nature and can even grow in distilled water. Bacterial endotoxins are acknowledged by the pharmaceutical industry as potential causes of pyrogenic reactions in parenteral drug products. Endotoxin contamination of parenterals or raw materials used to manufacture them result in the loss of valuable products (2) .
Depth filtration with asbestos-containing filters has long been recognized as an effective method of pyrogen control (4) . The usefulness of asbestos fiber in processing parenterals has been ascribed to both its mechanical and electrochemical properties (1) . The Food and Drug Administration has recently banned asbestos for use in the processing of small-and large-volume parenterals because of a possible link between asbestos and certain types of cancer (7) . This paper describes the use of depth and membrane filters with charge-modified surfaces for the enhanced removal of bacterial endotoxins from solution.
MATERIALS AND METHODS
Endotoxin and assay. Purified Escherichia coli 0111:B4 lipopolysaccharide (Sigma Chemical Co., St. Louis, Mo.) was used in all challenge studies unless otherwise indicated. Samples for endotoxin determination were serially diluted in pyrogen-free distilled water (Cutter Laboratories, Berkeley, Calif.) or 0.9% NaCl (Travenol Laboratories, Deerfield, Ill.) and tested for the presence of endotoxin by using Pyrotell (Limulus amoebocyte lysate; sensitivity, 30 pg/ml; Associates of Cape Cod, Inc., Woods Hole, Mass.).
To determine endotoxin concentration, 0. 
RESULTS
The efficiency of removal of endotoxin challenge from distilled water by various filter media varied considerably ( Table 1 ). The importance of filter charge is seen when the efficiency of endotoxin removal by the uncharged media (D filters, untreated nylon, and cellulose nitrate) is compared with that of the positively charged media (asbestos, 1 DEP, and treated nylon).
The ability of 1 DEP depth filters to remove endotoxin 
99.9
"Pyrogen-free distilled water (100 ml) was contaminated with 12,000 pg of E. coli lipopolysaccharide per ml and passed through 3.9-cm2 filters. Results are averages of three or four experiments. from a variety of solutions was evaluated. The filters were capable of removing endotoxin from a wide variety of parenteral solutions (Table 2 ). Since the pH of the filtered solution can influence electrostatic interactions and thus the retention of particles on filter surfaces (3), the effect of pH on endotoxin removal was tested (Table 3 ). While endotoxin removal was highly effective from pH 4.0 to 7.5, some breakthrough was observed at pH 8.5 and above.
To test the ability of the charge-modified media to remove natural pyrogen, solutions of commercial sucrose were dissolved in pyrogen-free distilled water and passed through the 1 DEP depth filters. Although removals of pyrogen were highly significant (Table 4) , they were not as great as those achieved with purified E. coli endotoxin.
To determine the ability of the 1 DEP filters to remove endotoxins from large volumes of fluid, removals of naturally occurring pyrogen from laboratory distilled water, tap water, and a contaminated parenteral solution of glucose were measured (Table 5) . No breakthrough of endotoxin occurred after passage of 10 liters of distilled water through the small-diameter 3.9-cm2 filters. With tap water a decreasing efficiency of endotoxin removal was seen increasingly as larger volumes were passed through the filters; complete breakthrough was not observed because the filters became clogged with particulate matter during passage of 4 liters. Still, 80% of the pyrogen was removed after passage of 2 liters through the filters. With the 5% glucose solution, a decrease in pyrogen-removal efficiency was observed after passage of 4 liters. The ability of the membrane filters to remove endotoxin from various solutions was also evaluated ( Table 6 ). Because of the small diameter of the pores in the membrane filters, they tended to clog before volumes larger than 500 to 1000 ml could be passed through the filters. Although the volumes of solutions passed through the membrane filters were less than those passed through the depth filters, endotoxin removal did occur with the charge-modified nylon filters. Removal of endotoxin from 0.9% saline was not as efficient as from distilled water and 5% glucose.
DISCUSSION
Removal of bacterial endotoxins from liquids is often difficult since conventional heat sterilization of liquids, which kills living bacteria, does not normally alter the pyrogenic activity of the bacterial endotoxins. Although glass surfaces can be freed of endotoxin by being heated for long periods at elevated temperatures, depyrogenation of heat-sensitive biologicals under such conditions is not feasible. Similarly, filtration with microporous membrane filters, which removes whole bacterial cells, does not remove lipopolysaccharide (8) .
It has been found that, under certain conditions, endotoxins can be removed by passing the parent solutions over ion-exchange resins, activated carbon, and other solid surfaces (6) . Removal of endotoxin by asbestos-containing filters is now believed to be due to a combination of mechanical straining and adsorption (7) . Asbestos (chrysotile) fibers have a strong electropositive charge on their surfaces which probably helps account for their ability to remove endotoxin from solution (7) . In the work reported in this paper, it was demonstrated that enhancing the net positive charge on both depth and membrane filters resulted in significant increases in endotoxin retention. The importance of charge in endotoxin removal is demonstrated in Table 1 . In comparison with filters possessing a positive charge, little retention of endotoxin occurred on the negatively charged depth and membrane filters. The net charge on surfaces such as those of the depth filters is strongly influenced by pH, dissolved solids, and the presence of soluble organics (3). The depth filters were highly effective in the removal of endotoxin from a wide variety of solutions. Removal efficiency was decreased, however, in the presence of 5% newborn calf serum and at pH levels above 8.5. Reduced removal at high pHs probably results from a decrease in the net charge, whereas proteins in the serum probably compete with the endotoxin for adsorptive sites on the filters (3).
Bacterial endotoxins may be produced by any gramnegative bacteria, and in distilled water, Pseudomonas species and related aquatic bacteria may be responsible for a significant amount of the endotoxin which may be present. The depth filters described in this study were capable of removing naturally occurring endotoxin from tap water, laboratory-distilled water, sugar solutions, and a contaminated pharmaceutical product. The overall efficiency of endotoxin removal may vary for different solutions, although the amounts removed were significant for all solutions tested. The differences in removal efficiency are probably a result of differences in the affinities of the various natural endotoxins for the charged filter surfaces.
The capacity of the depth filters for endotoxin adsorption was large for the small-diameter (3.9 cm2) experimental filters (Table 5) . With solutions such as tap water and glucose, the filters usually clogged before complete breakthrough of endotoxin was reached. As might be expected, the nylon membrane filters demonstrated a lower capacity for endotoxin removal, probably because of a smaller surface area for endotoxin adsorption and shorter contact times as the fluid passed through the filter pores.
In this work, we demonstrated that creating filters with a positive charge can aid in the removal and control of endotoxins in solution. Such filter media may be useful in certain applications for the control of endotoxins in rawproduct water or sugar solutions used to prepare certain parenteral drug products or in other fluids where endotoxin control is desired.
